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Abstract
The ocean–atmosphere exchange of carbon largely depends on the balance between carbon export of particulate

organic carbon (POC) as sinking marine particles, and POC remineralization by attached microbial communities.
Despite the vast spectrum of types, sources, ages, shapes, and composition of individual sinking particles, they are
usually considered as a bulk together with their associated microbial communities. This limits our mechanistic under-
standing of the biological carbon pump (BCP) and its feedback on the global carbon cycle. We established a method
to sample individual particles while preserving their shape, structure, and nucleic acids by placing a jellified RNA-
fixative at the bottom of drifting sediment traps. Coupling imaging of individual particles with associated 16S rRNA
analysis reveals that active bacterial communities are highly heterogenous from one particles origin to another. In
contrast to lab-made particles, we found that complex in situ conditions lead to heterogeneity even within the same
particle type. Our new method allows to associate patterns of active prokaryotic and functional diversity to particle
features, enabling the detection of potential remineralization niches. This new approach will therefore improve our
understanding of the BCP and numerical representation in the context of a rapidly changing ocean.

Oceanic sequestration of carbon dioxide (CO2) from the
atmosphere via the biological carbon pump (BCP) is largely
dependent on the formation and sinking of marine particles

(Kwon et al. 2009; Siegel et al. 2016, 2023; Le Moigne 2019).
These particles often have a high content of organic matter
making them hotspots for microbial activity. Particle-attached
organisms play a major role in organic matter remineralization
and the attenuation of gravitational export fluxes of particulate
organic carbon (POC) (Smith et al. 1992; Kiørboe and Jack-
son 2001; Simon et al. 2002). Sinking particles vary in age and
origins (phytoplankton cells, fecal pellets, or aggregated detritus)
(Simon et al. 2002; Le Moigne 2019), sinking speeds (Alldredge
and Silver 1988; Armstrong et al. 2002; Trull et al. 2008;
Turner 2015), density, porosity, and fractal dimension (Guidi
et al. 2008; Laurenceau-Cornec et al. 2019). Sinking particles
constitute unique small ecosystems in continuous interactions
with diverse associated microbial communities (Simon
et al. 2002; Grossart et al. 2006; Bizic-Ionescu et al. 2018; Baumas
and Bizic 2023). In order to predict changes in POC sequestra-
tion under future climate scenarios it is crucial to have an
exhaustive understanding of the processes attenuating POC
fluxes such as microbial degradation. Accordingly, it is essential
to provide in situ investigations of the relationship between
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activity and diversity of particle associated microbial communi-
ties with particle type. In the mesopelagic zone (� 200–1000 m)
where most of the POC flux is attenuated (Martin et al. 1987;
Henson et al. 2011; Fuchs et al. 2022), a strong linear relation-
ship was found between prokaryotic heterotrophic production
and diversity of active free-living prokaryotes1 (Baumas
et al. 2021). This was, however, not the case for prokaryotes
attached to sinking particles.

Microbial communities of individual particles differ largely in
activity (Ploug and Grossart 1999; Belcher et al. 2016; Stief
et al. 2021), diversity (Thiele et al. 2015; Bizic-Ionescu
et al. 2018; Lundgreen et al. 2019; Zäncker et al. 2019) and asso-
ciated viruses (Szabo et al. 2022). This heterogeneity is partly
driven by the history of the particle, and partly by stochastic
processes (Cordero and Datta 2016; Bizic-Ionescu et al. 2018).
Classifying the type of particles by common characteristics
could help revealing some patterns. However, with no opera-
tional method to systematically sample individual particles, it
remains challenging to include particle heterogeneity into stud-
ies on the underlying processes and hence the possibility to dis-
cern specific patterns in the activity–diversity relationship.

Studies investigating diversity of particle-attached communi-
ties are mostly based on particles collected with a water sampler
(such as Niskin bottles or in situ pumps) followed by sequential
filtration (e.g., Ganesh et al. 2014; Frank et al. 2016; Salazar
et al. 2016; Mestre et al. 2018). However, due to the fragile struc-
ture of sinking particles, and their scarcity in the small volumes
of sampled water, these methods are inadequate to representa-
tively sample gravitational sinking particles (Alldredge and Sil-
ver 1988; Planquette and Sherrell 2012; Puigcorbé et al. 2020;
Baumas et al. 2021). To target sinking particles and associated
microbial communities, alternative approaches such as the
marine snow catcher (e.g., Duret et al. 2019; Baumas et al. 2021)
or sediment traps (Baumas and Bizic 2023 and references within)
have been used. Yet, most of these studies still use a filtration
step. This is inadequate for studying microbial community at the
individual particle level.

To overcome these limitations, Thiele et al. (2015) deployed
drifting sediment traps with viscous formaldehyde-containing gel
to intercept intact individual particles to determine the diversity
of attached microbial communities by using catalyzed reporter
deposition fluorescence in situ hybridization (CARD-FISH). Nowa-
days, CARD-FISH, though quantitatively relevant, has largely been
substituted by semi-quantitative sequence-based approaches. The
latter provide in-depth information on diversity, metabolic poten-
tial, or activity of the particle-associated communities. In addition,
formaldehyde is known to disturb sequencing-based analysis
(De Giorgi et al. 1994; Evers et al. 2011). Despite advances in
DNA and RNA retrieval from formaldehyde fixed samples (Hykin
et al. 2015; Choi et al. 2017), there are still many benefits in

developing a formalin-free method to sample individual particles
for sequence-based down-stream approaches.

We developed an RNA-fixative (RNALater-like)-based gel
able to be readily placed at the bottom of drifting sediment
trap tubes. This RNA-fixative is commonly used (Gray
et al. 2013; Fontanez et al. 2015; Pelve et al. 2017) and can be
self-manufactured in the lab at low cost. Our method is
easy to implement on board of research vessels and allows
easy recovery of structurally intact individual particles for
combining imaging with RNA or DNA analysis. Here we report
results from the process of the method development and its
subsequent application during a field-campaign in the
Mediterranean Sea.

Material and methods
RNA-fixative gel recipe

To visualize and recover intact individual particles, the gel
must be transparent. The gel must also remain soft enough for
the particles to sink into, thus properly preserving all particle
characteristics and prevent bulk particles accumulation at the
bottom of the collecting cup. To jellify the hypersaline RNA-
fixative (ca. 700 g L�1) we used sodium carboxymethyl cellu-
lose (CMC, ref. 419,338, Sigma-Aldrich) as other agents turned
out to be not efficient.

To generate 100 mL of 50% fixative gel, 50 mL of sterile sea-
water were poured into a 250-mL glass Schott bottle containing
3 g of CMC. The powder was dissolved by stirring and heating
(the gel becomes brown if overheated) and by frequent, vigor-
ous handshaking to break lumps and avoid gel coagulation on
the stirrer. When almost dissolved, 50 mL of handmade RNA-
fixative solution (40 mL 0.5 M ethylenediamine tetraacetic acid
(EDTA) [ref. EU0084, Euromedex], 25 mL 1 M sodium citrate
(ref. S-4641, Sigma-Aldrich) and 700 g ammonium sulfate (ref.
21333.365 AnalaR NORMAPUR®, VWR) in 935 mL MQ water,
pH adjusted to 5.2 using 1 M H2SO4) were added into the glass
bottle, which was removed from the heater while still being
shaken. At this step, the gel must be poured immediately into
the sediment trap cup. Any remaining lumps disappeared sys-
tematically after 24 h by letting the gel cool down to room
temperature. A jam-like consistency is suited (Supporting Infor-
mation Fig. S1). For method development gels containing 0%
and 25% RNA-fixative solution were made as well using
100 mL of seawater and 75 mL of seawater plus 25 mL of RNA-
fixative solution, respectively. Higher percentages of RNA-
fixative were not feasible as gel formation is prevented.

Lab experiments
Four types of particles were used during the lab experiment

which was performed in July 2021 (Table 1). For each particle
type, a 2-L cylindric polycarbonate Nalgene® bottle was filled
with 300 mL of algal or cyanobacterial cultures at the end of
the exponential growth phase (Thalassioseira guillardi,
Trichodesmium erythraeum IMS101, or Crocosphaera watsonii

1Despite its evolutionary inaccuracy (Pace 2006), the term prokaryotes is
used in this manuscript for conciseness purposes to refer to Bacteria and
Archaea together (Doolittle and Zhaxybayeva 2013).
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WH8501) or with zooplankton detritus. Seawater for the
experiment was collected during the PARTY cruise (May 2021,
Mediterranean Sea, 42�47, 525�N 0.5�59, 814 E), pre-filtered
through GFF filters (ref. 513-5244 Whatman®, VWR) to
remove all living zooplankton and natural particles and stored
in the dark at 4�C. All bottles were filled to the top (air-bubble
free) with seawater and were placed on a roller table in com-
plete darkness for 7 d to allow for particle formation and
microbial particle colonization from the surrounding seawater.
Although each particle type has been separated into one tank,
seawater with the natural free-living prokaryotes had the same
origin.

On the day of the experiment, nine particles of each type
were collected from the rolling bottles, marking the starting
time (T0) of the experiment. Individual particles were sepa-
rately frozen at �80�C in 2-mL cryotubes. Around 90 particles
of each type were used to run the experiment until their col-
lection (Tf) as described below. All leftover particles from the
tanks were mixed, filtered on 0.22-μm pore size filter (ref.
GPWP04700 Millipor®, Merck, Germany) and frozen at
�80�C, serving as bulk control.

Cups containing RNA-fixative gels (with 0, 25, and 50% of
RNA-fixative) were placed at the bottom of sediment trap
tubes before slowly adding 5 liters of sterile seawater with a
peristaltic pump as commonly done for sediment traps
(Fig. 1a,b). To limit disturbance of the gel and therefore the
dispersion of RNA-fixative, the peristaltic tube was connected
to a 10-mL pipette inserted in the space between the cylinder
of the sediment trap and the gel cup (Fig. 1b; Supporting
Information Fig. S2). The three sediment trap tubes were then
placed in a 300-liter bath pre-adjusted to 17�C. Around

30 particles of each type were dropped into each tube by
2 operators. We visually observed a certain level of particle
aggregation while they were sinking before reaching the gel’s
surface. To mimic real deployment of drifting sediment traps,
the tubes were left in the temperature regulated bath for 4 d
prior to recovery. During this time, the sediment traps were
covered with an aluminum foil to avoid contamination from
the lab environment. After 4 d, all tubes were removed from
the water bath and the water above the gels was discarded
using a peristaltic pump. Individual particles were pipetted out
individually from the gel and stored in cryotubes at �80�C
(Fig. 1c).

In situ deployment
Natural particles were sampled in situ on board “The N/O

Pourquoi Pas?” during the campaign EMSO-LO at the EMSO-
LO station (42�48.30N, 0.5�59.93E, February 2022). For logis-
tic reasons, we deployed four sediment traps (four tubes) in a
cross-array ensuring a permanently vertical position of the
sampling tubes (KC Denmark A.S.), attached for 12 h to
the ship’s wire-cable (Fig. 1a). We set the sediment trap cross-
array with one tube containing 0% RNA-fixative gel, one tube
containing 50% RNA-fixative gel, one tube with sterile seawa-
ter (Live), and one tube filled with 2 liters of RNA-fixative and
3 liters of sterile seawater (Poisoned), with the latter two serv-
ing as bulk controls. The sterile seawater was sampled 3 d
before, filtered through 0.22-μm membranes (ref. 512-3331
Sartobran®, VWR) and placed in the fridge to increase its den-
sity so it would not escape from the tube while descending
through the water column. The sediment trap was deployed at
300 m depth. Considering the short deployment time (12 h),

Table 1. Origins of the four different types of particles used in the lab experiment.

Type name in the paper Strains Particle generation

Diatoms Thalassioseira guillardi Cultures conditions: 14�C, 12 : 12-h light–dark cycle, 120 μmol photons

m�2 s�1 irradiance, F/2 medium enriched with vitamins (Guillard 1975;

Guillard and Hargraves 1993). Cultures harvested at the late exponential

phase.

Trichodesmium Trichodesmium erythraeum IMS101 Cultures conditions: 27�C, 12 : 12-h light–dark cycle, 120 μmol photons

m�2 s�1 irradiance, YBCII medium amended with trace metal solution and

vitamins (Chen et al. 1996). Cultures harvested at the late exponential

phase.

Crocosphaera Crocosphaera watsonii WH8501 Cultures conditions: 27�C, 12 : 12-h light–dark cycle, 120 μmol photons

m�2 s�1 irradiance, YBCII medium amended with trace metal solution and

vitamins (Chen et al. 1996). Cultures harvested at the late exponential

phase.

Zooplankton detritus Zooplankton detritus Plankton was sampled in Marseille Bay at 15 m depth using a plankton net

(mesh size 200 μm and 30 cm diameter) pulled by a diver equipped with a

diving propulsion vehicle. The resulting community was mainly composed

of copepods and salps, fed with a mix of all three phytoplankton cultures in

an aquarium. Fecal pellets and carcasses were daily collected from the

aquarium and stored frozen at �20�C.
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this depth was chosen as a compromise between strong sur-
face currents that stopped at 225 m, and the relatively low
particle concentration at deeper depths.

Recovery of the particles from the gels was done on board
using the same procedure as in the lab (see the text above).
Cryotubes containing individual particles were stored at
�80�C on board the research vessel. In the sediment trap tube
containing liquid RNA-fixative, we observed some particles
trapped at the interphase between the water and the fixative
(due to the density difference), thus the entire 2 liters of fixa-
tive were filtered rather than just the bottom. For the sake of
comparison, the bulk live sample was treated in the same
manner, that is, 3 liters of water from the top of the trap tube
were removed and the bottom 2 liters were filtered on
0.22-μm pore size filters (ref. GPWP04700 Millipor®) and
stored at �80�C (Fig. 1c).

Particle imaging from the EMSO-LO cruise
The RNA-fixative accelerates the formation of salt crystals

when defrosted. Therefore, the imaging and subsequent
processing have to be done one particle at a time. Cryotubes
containing individual particles were removed from �80�C and
placed in a benchtop liquid N2 container. In a sterile area, par-
ticles were thawed at room temperature, pipetted carefully
using a 1000-μL pipette and placed in individual sterilized
small sterile Petri dishes with a high optical transparency

(ref. 10390961, Fisher Scientific). Pictures were then taken
using a stereomicroscope (Leica ML165) and the particles were
subsequently pipetted into 1.5-mL RNAse and DNAse-free
SafeLock Eppendorf® tubes with as little liquid/gel as possible.
At this stage, particle structure and shape are no longer impor-
tant. It is therefore possible to shortly centrifuge the individ-
ual samples to remove the leftover gel. To directly proceed
with the extraction, 1 μL of RiboLock RNAse Inhibitor (ref.
EO0381, Thermo Fisher Scientific) and phosphate-buffered
saline (ref. 150343, Qiagen) were added to a final volume of
4 μL after which the Eppendorf® tube was immersed in liquid
N2 prior to the next steps.

RNA extraction, cDNA synthesis, and metabarcoding
library preparation

Individual particles
Following the addition of RiboLock RNAse Inhibitor (see

section above), cell lysis was performed by four cycles of freeze/
thaw, each 1 min in liquid N2 and 1 min at 65�C. A denatur-
ation step was then performed by adding 3 μL of D2 buffer
from the Repli-g single-cell kit (ref. 150343, Qiagen) and incu-
bation for 20 min at 65�C, followed by 3 μL of STOP solution
according to the manufacturer’s instruction. DNA was digested
by adding 1 μL of Turbo DNAse (2 μL L�1, ref. AM2238
Invitrogen®, Thermo Fisher Scientific) and incubation for

Fig. 1. (a) Picture of the cross-array on which four sediment traps (four tubes) are mounted. (b) Schematic of a sediment trap tube containing a gel cup
filled with RNA-fixative gel. The tubes are 700 mm high and 104 mm in diameter. As the cup is 92 mm in diameter, there is space of around 10 mm
between tube wall and the cup where a pipette connected to peristaltic pump can be placed to fill the tube without disturbance (see Supporting Informa-
tion Fig. S2). The associate figure shows a real tube from the lab experiments. (c) Top photographs of individual particles (three examples marked with
arrows) whose shapes remained unaffected in the RNA-fixative gels (92 mm in diameter) vs. a bulk filter (45 mm in diameter). The three rectangles at the
bottom of the cup are Velcro tabs used to secure the cup to the tube during the deployment.
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20 min at 37�C, after which the DNAse was deactivated by a
5-min incubation at 85�C.

First-strand cDNA was synthesized with the high-capacity
cDNA reverse transcription kit (ref. 4368814 Applied bio-
system®, Thermo Fisher Scientific), using 11 μL of template
from the previous steps, 1 μL of Multiscribe reverse transcrip-
tase, 2 μL of 10X RT buffer, 0.75 μL of DNTPs, 2 μL of random
heptamer primers, and 3.25 μL of H2O. The 20 μL reverse tran-
scription reaction was set for 10 min at 25�C, 120 min at
37�C, and 5 min at 85�C.

Bulk filters
RNA from bulk filters was extracted as done in Bizic et al.

(2022) after which DNA was digested with two steps of 15 min
incubation with DNAse (1 μL + 1 μL). DNA digestion was veri-
fied by negative polymerase chain reaction (PCR) amplifica-
tion of the remaining RNA, targeting the 16S rRNA gene. First-
strand cDNA synthesis was done as above in a 20 μL reaction,
however, using 1 μL RNA template.

Library preparations and sequencing
16S rRNA was amplified from the cDNA using the universal

primer set targeting Bacteria, 27F (50-AGRGTTYGATY
MTGGCTCAG-30) and 1492R (50-RGYTACCTTGTTACGACTT-
30) (Lane 1991; Paliy et al. 2009). The PCR reaction was composed
of 3 μL of red reaction buffer (Meridian bioscience-BIO-21109),
1 μL of each primer, 0.75 μL of MyTaq DNA polymerase
(5 U μL�1, Meridian bioscience-BIO-21109), 1 μL of MgCl2
(25 mM, ref. AB0359 Thermo Fisher Scientific), 2 μL of bovine
serum albumin (BSA) (20 mg mL�1, ref. 10829410, Fisher Scien-
tific), 10.25 μL of H20 and 1 μL of cDNA template. The 20 μL
reaction was set for 5 min at 95�C, 35 cycles of 45 s at 95�C, 1 s
at 52�C, and 1 min at 72�C followed by a final step of 10 min
at 72�C. Blank samples were systematically included as control
PCR reactions. No nucleic acid from any of our blanks was
amplified indicating no detectable contamination during sam-
ple processing. Amplicons were then sent to the sequencing
facilities at Rush University Genomics and Microbiome Core
Facility (Chicago, IL, USA), where the amplification of the V3–
V4 regions of the 16S cDNA was performed using the 341F
(CCTACGGGNGGCWGCAG) and 785R
(GACTACHVGGGTATCTAATCC) primer set (Klindworth
et al. 2013). The 16S amplicons were sequenced on a MiSeq
platform (Illumina) (paired end 2� 300 bp). Unfortunately,
several sample tubes imploded during air freight resulting in
several missing samples. 16S rRNA raw read sequences were
deposited to the Short Read Archive under Bioproject number
PRJNA934342 (accession number are ranged from
SRR23445189 to SRR23445253.

Analysis of sequencing data
The raw sequencing reads were processed using the DADA2

R package (v1.20) (Callahan et al. 2016). The paired-end reads
were quality-trimmed (maxEE = c [2,2] for both experiments)
and only reads > 200 bp were retained. From a mean of

54,173 � 18,456 sequences per sample, 60% � 6% were
retained after sequence pre-processing (quality control, merg-
ing and chimaera removal). The taxonomic assignment of the
amplicon sequence variants (ASVs) was performed using
the SILVA_138.1 database (Quast et al. 2013) and functions
“assignTaxonomy” and “addSpecies” from the DADA2 R pack-
age. Assignment of a sequence to the species level was done only
at 100% sequence identity. Both α-diversity and β-diversity were
characterized by R packages phyloseq v1.36 (Mcmurdie and
Holmes) and vegan v2.5-7 (Oksanen et al. 2020), after
subsampling normalization.

Notation
As the cDNA-based community refers to the actively tran-

scribing microbial community we will refer to these organisms
as “active bacteria.”

The term “prokaryotes” refers to Bacteria and Archaea. We
use it for the sake of clarity (to refer to both Bacteria and
Archaea, Doolittle and Zhaxybayeva 2013) while being aware
that it has an inaccurate evolutionary meaning (Pace 2006).

Samples are named according to the following convention L
or E for Lab or EMSO-cruise; experimental condition, T0 or per-
cent gel (0, 25, or 50); and particle number. For example, “LT02”
refers to the second particle from T0 samples of the lab experi-
ment. T0 bulk, live bulk and poison bulk refer to the mix of par-
ticles filtered at T0, or after incubation in the sediment trap.

Results
Gel recipe

RNA-fixative is challenging to jellify due to its salt supersatu-
ration (around 700 g L�1). Of the differently tested protocols
only the use of CMC (sodium carboxymethyl cellulose, Sigma-
Aldrich, ref. 419338; see “Materials and Methods” section)
resulted in adequate fixative gel properties. Alternative combina-
tions of powders (e.g., gelatin powder, Sephadex, agar, agarose,
acrylamide, magnesium sulfate powder, ammonium persulfate
(APS) powder) and protocols (heated or not, different propor-
tions of powder, different proportion of the RNA-fixative or mix
between reagents) led to either over liquefied, over crystallized or
opaque products.

Based on visual inspection, we concluded that covering gels
tightly with parafilm, allows storage for at least 3 months at
4�C and 2 months at room temperature, allowing to easily
generate and transport the gels before campaigns (even a few
months in advance as is the case of container shipping). Parti-
cle structure, shape, and size remain unchanged after freezing
at �80�C and thawing at ambient temperature, demonstrating
the ability to freeze the samples until the final analyses.

Comparison of colonizers of lab-made particles
The number of active bacterial ASVs varied with particle

type, with a mean of 103 � 13, 85 � 12, 48 � 10, and
224 � 99 ASVs for Crocosphaera, Diatoms, Trichodesmium,
and zooplankton detritus, respectively. Some bacterial families
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Fig. 2. Active bacterial community based on 16S rRNA before starting the experiment (T0), bulk samples, and individual particles, and after 4 d at in situ
like conditions with three different gels containing either 0%, 25%, or 50% of RNA-fixative. (a) Bar plot of the relative abundance of the 25 most abun-
dant families of active prokaryotes and (b) NMDS ordination plot (Bray–Curtis distance) showing the dissimilarity in active prokaryotes between individual
particles. The stress value of the NMDS analysis is 0.19, which is closed but below the commonly accepted limit of 0.2 (Dexter et al. 2018).
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were present in all particle types including Rhodobacteraceae
and Flavobacteriaceae, yet with great variability in abundance
between particle types (from 5% to 92% and from 0.17% to
30%, respectively). Nevertheless, 89% of all ASVs are present
exclusively in one particle type and are absent from the other.
For instance, the (i) Vibrionaceae (4–8%), Nitrincolaceae
(0.6–15%), and Arcobacteraceae (0.4–9%) occurred exclusively
on zooplankton detritus; (ii) Idiomarinaceae (2–8%), Devosiaceae
(6.5–12.5%), and Bacillaceae (23–42%) on Diatoms particles;
(iii) Sandaracinaceae (0.02–23%) on Trichodesmium particles; and
(iv) Phycispheraceae (1.3–7.3%), Nocardioidaceae (6.2–13.4%),
or Mycrocystaceae (2.3–13.6%) on Crocosphaera particles (Fig. 2).
The T0 bulk sample did not represent the variability between
particle types. Although 94% of all prokaryotic diversity of the
bulk T0 corresponded to ASVs present in the individual particles,
16%, 19%, 14%, and 40% of the ASVs of Crocosphaera, Diatoms,
Trichodesmium, and zooplankton detritus, respectively, are absent
from the T0 bulk sample. Consequently, in addition to not
representing the total active prokaryotic diversity, the bulk
approach does not distinguish between the type of particles.

Optimal RNA-fixative concentration in gels
To evaluate the effect of the jellified RNA-fixative on active

particle attached bacterial communities, we tested three con-
centrations of RNA-fixative, that is, 0%, 25%, and 50% (called
hereafter gel 0%, gel 25%, and gel 50%) after 4 d of incubation
at in situ like conditions. Around 87% of the active prokary-
otes found in the 50% gel, corresponded to ASVs also found
in the individual particles at T0 (Fig. 2). The new incomers on
the 50% gel accounted for 13% of the ASVs mostly with a
sequence frequency below 0.1%. In contrast, new taxa found
in the 0% and 25% gels reached similar proportion of total
ASVs, but making up 2–13% or 3–21% (depending on the indi-
vidual particle) of total diversity, respectively. Thus, 50% gels
efficiently prevent the de novo colonization of particles by new
communities while the particles are in the sediment trap.

The 25 most abundant active families recovered from individ-
ual particles in the three different gels are shown in Fig. 2. Only
gel 50% allowed to derive from which type of T0 a particle origi-
nated. For instance, active bacteria of particle “L50% 8” are repre-
sented by 19% of Vibrionaceae, 16% of Nitrincolaceae and 5% of
Arcobacteraceae, all three were present exclusively in zooplankton
detritus particles at T0. Similarly, indicative patterns of
Crocosphaera particles in particle “L50% 1” can be seen for
instance in the 3% of Mycrocystaceae and 6% of Phycispheraceae
which were both present exclusively in Crocosphaera particles. As
some particles aggregated while sinking, some particles may con-
tain ASVs exclusive to different particle types at the same time.
Gel 50% also allows best to reconstruct the mechanisms underly-
ing this process. For particles recovered from gels 0% or 25% some
taxa, mainly Rhodobacteraceae, dominated the prokaryotic diver-
sity, sometimes up to 92% of the entire diversity. This is well con-
firmed by the non-metric multi-dimensional scaling (NMDS)
(Fig. 2b) placing particles recovered from gels 0% and 25% in the

middle of the plot while gel 50% particles are well placed among
the T0 particle types from which they were formed.

In situ deployment
Among all particles collected from the gel traps deployed

during the EMSO-LO cruise, 10 particles from each gel (0%
and 50%) were sampled for individual analysis of active micro-
bial diversity. The individual particles were imaged (Fig. 3)
and the 16S rRNA of the active bacterial community was sub-
sequently sequenced. We identified four types of particles:
fecal aggregates, single fecal pellets, phytodetrital aggregates
and phytodetrital aggregates with fecal inclusions. The visual
characterization of phytoplankton detritus was confirmed by
the high percentage (18% � 9%) of sequences assigned to
Chloroplast or to Cyanobacteria in the majority of particles of
this type (Supporting Information Table S1). Particles were
highly heterogenous in size ranging from 50 μm width and
300 μm length (“E50%2”) to 1880 width and 2880 μm length

Fig. 3. Images of individual particles sampled in the RNA-fixative gel
(at RNA-fixative concentrations of 0% and 50%) from a sediment trap
deployed at 300 m during the EMSO-LO cruise (42�48.30N, 0.5�59.93E,
February 2022).
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Fig. 4. Active bacterial diversity (16S rRNA metabarcoding) of individual particles recovered from RNA-fixative gels (with RNA fixative concentration of
either 0% or 50%) during the EMSO-LO cruise (42�48.30N, 0.5�59.93E, February 2022). (a) Bar plot of the 25 most abundant families representing
active prokaryotic diversity. Live bulk (0% RNA fixative) or poisoned (50% RNA fixative) are also shown for comparison. (b) NMDS ordination plot (Bray–
Curtis distance) showing the dissimilarity of the active prokaryotes (at ASV level) between individual particles. The stress value of the NMDS analysis is
0.12, below the commonly accepted limit of 0.2 (Dexter et al. 2018).
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(“E50%9”). Besides, we observed some unexpected characteris-
tics such as “E0%9” representing a conglomerate of various
fecal pellets (each ≈ 400 μm length) or “E0%11” which con-
tains an intact organism.

This heterogeneity in particle type is also reflected in the
diversity of the active microbial community (removing Chloro-
plasts for the analysis) associated with each individual particle.
Regardless of the RNA-fixative concentration in the gels, richness
varied from 59 to 250 ASVs without any distinct pattern with
particle type or size. ASVs specific to one particle represent on
average 65% of ASVs present on this same particle (19–45%
depending on the individual particle). In addition, the bulk live
revealed that 90% of the active bacterial diversity were just repre-
sented by two ASVs of Saccharospirillaceae (Fig. 4a). In the bulk
poisoned, the active bacterial diversity is represented by the same
two ASVs at 55%, plus one ASV of Alcanivoracaceae at 24%. A
presence absence analysis revealed that 76% and 75% of active
prokaryotic ASVs from individual particles are absent in bulk live
or poisoned, respectively. Consequently, as for the lab experi-
ment, bulk samples do not reflect the active prokaryotic diversity
and heterogeneity of individual particles (Fig. 4a).

NMDS analysis (Fig. 4b) does not reveal any clustering
related to particle type or size. Although individual particles
were separated on dimension 2 by RNA-fixative concentration
in the gels (0% on the top and 50% near the bottom of the
plot, ANOSIM test with Significance of 0.0168), our data do
not provide any obvious reason to explain the separation in
two groups by dimension 1 (right and left).

Discussion
Sediment traps collect mostly sinking particles that drive

the gravitational POC export (McDonnell et al. 2015). This
contrasts with sequential size-filtration of water samples
which predominantly select suspended particles. By fitting
specifically designed gels inside the tubes of drifting sediment
traps, we were able to preserve the morphological structure of
particles and at the same time to provide information on
microbial diversity associated to individual particles in relation
to their specific features (morphological). Without such gels,
particles sink and accumulate at the bottom of the sediment
traps where they lose their initial structure and thus the
microbial communities associated to each single particle. In
addition, the analysis of the mass accumulation of particles
(so called “bulk approach”) requires filtration of the sediment
trap material resulting in the destruction of individual parti-
cles and a complete loss of structural information. Comparing
the results of lab experiments and field sampling, we demon-
strate that the “bulk approach” is inadequate to resolve the
true diversity of attached microbial communities as it yields to
a prokaryotic diversity that is not representative of the sinking
carbon flux (Figs. 2a, 4a). This is consistent with results from
transparent exopolymer particles (Zäncker et al. 2019) and
freshwater particles (Biži�c-Ionescu et al. 2018). This can occur

due to the combination of two causes: (i) bulk approach mixes
individual particles and thus masks the true heterogeneity of
the sum of individual particles, and (ii) PCR artificially and
exponentially amplifies the most abundant families in the
bulk of particles, which does not necessarily account for those
at the scale of individual particles. In other words, the most
abundant families in the bulk are not necessarily the most
abundant on each individual particle. This could be driven by
a few heavily colonized larger particles that do not represent
the majority of particles in the samples.

Effect of jellified RNA-fixative
By using different concentrations of RNA-fixative in bulk

approaches and in gels (with or without in the bulk or 0%,
25%, and 50% in gels), we were able to assess the effects of
RNA-fixative on the preservation of the natural diversity
of active prokaryotes. During our 4-days long lab experiment,
solely the 50% gel allowed to resolve the origin of individual
particles as compared to gels with 0% and 25% RNA-fixative.
Gels with low fixative concentrations (0 and 25%) did not fix
the community efficiently and allowed prokaryotes to grow
and dominate. This masked the true prokaryotic diversity of
individual particles. For the field sediment trap deployment,
we show differences between live and poisoned bulk samples,
as well as clear differences in bacterial community composi-
tion between 0% and 50% gels (Fig. 4). Although the use of
RNALater and similar fixatives is at times criticized for induc-
ing biases in differential gene analysis (Passow et al. 2019), it
has many advantages when it comes to inclusion in sediment
traps. We therefore used RNALater-like fixation for its ability
to fix the transcriptional image of the community until the
sediment samples are collected and further processed. Drifting
sediment trap arrays are often deployed for 4–6 d, a period
which may alter natural microbial communities depending on
the respective in situ conditions and particle concentration.
Thus, our approach using jellified RNA-fixative avoids artificial
shifts in microbial communities by efficiently preserving the
RNA transcripts and the morphological characteristics of indi-
vidual sinking particles. RNA degradation in RNALater-like fix-
atives was shown to occur after 8 months when stored at 5�C
(Gorokhova 2005), yet our samples were stored at �80�C and
were processed within 3 months from the cruise. Thus, neither
the drifting time, nor our post-processing are likely to result in
biases in the observed community and subsequently in future
studies for meta-transcriptome analyses.

Toward prokaryotic diversity on individual sinking
particles

Naturally formed marine particles are complex. Despite the
clear identification of 4 distinct particle types (fecal aggregates,
single fecal pellets, phytodetrital aggregates and phytodetrital
aggregates with fecal inclusions) during the EMSO-LO cruise,
such classification alone could not explain the observed differ-
ences in diversity between individual particles. No
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relationship between particle size and active bacterial diversity
was found either, even when richness (i.e., presence/absence)
was considered. Looking at the processes responsible for het-
erogeneity during particles colonization is beyond the scope
of this paper which focuses on the method to sample individ-
ual particles for downstream molecular analyses. However, we
provide some possible explanations in the Supporting Informa-
tion. In situ particles are naturally heterogenous (Bizic-Ionescu
et al. 2018; Zäncker et al. 2019; Szabo et al. 2022). Focusing our
study on method development, the 10 particles analyzed do
not show clear patterns here. However, by showing the ability
to preserve the transcribed RNA and the associated microbial
community, we open new horizons for future sea going cam-
paigns. Particle composition and inherent physical, chemical,
and morphological characteristics as well as stochastic processes
or interactions between organisms drive prokaryotic diversity.
In turn, diversity may drive associated remineralization rates
(Munson-McGee et al. 2022). It seems thus essential to identify
patterns between the types of individual particles that together
form the gravitational flux and their associated microbial com-
munities. Three decades ago, Fuhrman (1992) concluded that
given the complexity of the oceanic microbial food web, it is
not sufficient to solely consider parameters in bulk as the
underlying mechanisms and processes can only be understood
by examining the individual components. Nowadays, studies
aiming to identify the ecological processes that structure micro-
bial communities are often conducted by using observational
data on species abundances (Armitage and Jones 2019). Yet,
Armitage and Jones (2019) also conclude that this assumption
is violated when a single sample unit contains processes of dif-
ferent scales. This is the case for a filter onto which hundreds
or more of different sinking particles are collected, each poten-
tially harboring different micro-niches harboring distinct
attached prokaryotic communities. Armitage and Jones (2019)
further conclude that measuring and accounting for heteroge-
neity at very small scales will lead to more reliable inferences of
the ecological mechanisms structuring natural microbial com-
munities. With no a priori information about particle sources,
composition, and transformations that each sinking particle
may have experienced, our experimental approach offers new
horizons by enabling the understanding of phylogenetic and
functional patterns and related physiological processes at the
individual particle level. Given the wide range of potential par-
ticle origins and history, complementary analyses such as the
18S rRNA gene could provide more details on particle origin
than optical images alone (Amacher et al. 2009; Duret
et al. 2020; Durkin et al. 2022). Furthermore, simultaneous ana-
lyses of the 16S and 18S rRNA gene (or COI gene) could further
reveal hidden links between origin and prokaryotic diversity of
individual particles (Lundgreen et al. 2019).

Concluding remarks and further perspectives
Our method enables the collection of intact particles

(in terms of structure and nucleic acid profiles) from any water

depth. We opened up the possibility to include microbial-scale
processes in the equation with the goal to reliably define
microbial functional groups and ultimately remineralization
patterns at different spatial and temporal scales. RNA-fixative
gels deployed at different depths will improve our understanding
of the surface-depth connectivity in terms of microbial commu-
nities during particle degradation and changing environmental
conditions (e.g., increasing pressure, changing temperature, O2

concentration). Building such bridges between particle ecology
(e.g., particle production, export, remineralization, sinking
speed, etc.) and microbial ecology (microbial diversity, taxa
co-occurrence, growth rates and activities) provide novel
aspects to understand remineralization mechanisms and
processes throughout the entire water column, different loca-
tions and seasons. The amount, timing and molecular composi-
tion of carbon uptake and release are still poorly understood
mechanistically. Some models using genomic data (Saifuddin
et al. 2019; Ofaim et al. 2021) or metagenomic data (Zorrilla
et al. 2021) are emergent tools for probing the metabolic
dynamics of microbial communities and link it to carbon
utilization rates. Therefore, our RNA-fixative gels method also
offers new perspectives improving available genomic and trans-
criptomic data obtained from individual particles to improve
genome-scale metabolic models of particle-colonizing prokary-
otes to more reliably predict carbon fluxes.
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